M
otile bacterial cells have developed various strategies to navigate away from environments in which nutrients or other conditions limit growth or, alternatively, to implement cellular responses that allow them to persist under these conditions. Examples of such adaptive responses include transition from vegetative states to surface-attached communities in biofilms, flocculation in liquid cultures, and the formation of dormant spores or stress-resistant cysts (1) (2) (3) . These responses correspond to long-term adaptation to persistent growthlimiting conditions and are regulated by complex regulatory networks. A great deal of attention has been paid to the mechanisms controlling the transition of cells from growth to longterm-survival mode, and in particular, to the "swim-or-stick" transitions of motile cells into nonmotile communities that adhere to surfaces (biofilm) or other cells (flocs) (4) . Flocculated and biofilm-bound cells are functionally similar (5) , and both have enhanced resistance to a variety of environmental stressors, with implications ranging from medicine (5) to agriculture (6) . Extracellular structures, such as exopolysaccharides (EPS) and surface adhesins, directly trigger the permanent attachment of cells. Cell-cell and cell-surface contacts can also be mediated indirectly by eliciting changes in cellular behaviors, such as motility. An increasing number of reports document motility contributing to the ability of bacteria to form biofilms or to flocculate. Irreversible attachment is accompanied by a loss of motility, and given the competitive advantage that motility provides bacteria, permanent attachment of motile cells to surfaces or other cells is tightly controlled. Beyond motility, bacterial chemotaxis, which is the ability to direct motility in gradients of effectors, has also been implicated in modulating attachment (7) (8) (9) (10) (11) . Before committing to a sessile biofilm or to flocculate, many motile bacteria first initiate transient cell-cell and cell-surface contacts to produce dynamic aggregates of still-motile cells. By controlling the activity of the motility apparatus, chemotaxis can actively promote the initiation of cell-cell contacts during aggregation and, as a result, regulate transient cell aggregation prior to irreversible adhesion. Here, I review selected examples that illustrate how chemotaxis signal transduction promotes transient aggregation in bacteria motile by flagella, pili, or gliding.
CHEMOTAXIS SIGNALING AND MOTILITY APPARATUS
Chemotaxis allows motile bacteria to rapidly escape conditions that limit growth by orienting their movement toward a more favorable niche. Chemotaxis thus promotes the transient accumulation of cells within a particular region, increasing the probability of cell-cell interactions, including transient attachment. The coordinated chemotaxis response of a population of motile cells may result in the formation of clusters around transient nutrient sources (12) (13) (14) and of traveling bands of cells that rapidly metabolize ephemeral sources of nutrients (13, 15) . As a result, chemotaxis may significantly impact nutrient cycles in soils and oceans (16, 17) . Chemotaxis signal transduction pathways are conserved, and the genes encoding them are found in the genomes of bacteria mobile by flagella (swimming or swarming), pili (twitching), or other mechanisms that occur in the absence of identified appendages, referred to as gliding (18, 19) . Regardless of the motility apparatus under control, chemotaxis signal transduction functions to link environmental sensing to changes in the motility pattern and to bias movement toward attractants or away from repellants.
Chemotaxis signaling pathways control flagellar motility by regulating the frequency at which the flagellar motor changes its direction of rotation or the speed at which the flagellar motor rotates. This mode of control is conserved across flagellated bacteria, regardless of flagellar arrangement or number (19) . Chemotaxis signaling also controls twitching, the movement of cells on moist surfaces mediated by type IV pili (TFP), but the mechanisms involved are distinct from those controlling flagellum-dependent chemotaxis (20) (21) (22) . First, twitching motility is primarily a social form of movement. Twitching involves cell-cell interactions and movement along the long axis of the cells, with little to no movement being observed in isolated cells. Second, twitching results from a sequence of extension, tethering, and retraction of TFP (23) (24) (25) (26) (27) . Several distinct chemotaxis signaling pathways have been implicated in the control of the direction of twitching. In Myxococcus xanthus, TFP are assembled in an alternating manner at either pole of the cells to establish the direction of movement (21, 28, 29) . The Frz chemotaxis pathway coordinates the frequency at which pilus assembly occurs at the leading pole of the cell (21, 28, 30) . However, this is not a universal mechanism. In the spherical unicellular cyanobacterium Synechocystis sp. strain PCC6803 (here Synechocystis), twitching depends on TFP that are arranged around the cell surface, and reversals in the twitching direction are not observed (31, 32) . Chemotaxis signaling via a system named Tax was proposed to function to polarize TFP activity or modulate TFP localization around the cells to bias movement in the direction of incident light (33) . As expected from their different signaling outputs, Tax and Frz are not homologous pathways, despite both of them regulating twitching activity in gradients. Twitching bacteria can also secrete slimes that are left as tracks on the surface traveled by a moving cell. The slimes comprise EPS and were shown to affect the activity of TFP in some bacteria. In the twitching bacterium M. xanthus, an individual pilus binds EPS, and EPS binding triggers pilus retraction (34) . This mechanism may be more widespread, given that most twitching bacteria secrete slimes. The chemotaxis systems that control twitching also typically coordinate the production of EPS to ensure TFP function (23, 28) .
While the role of EPS during twitching may be to enhance the function of TFP, other forms of motility, controlled by chemotaxis pathways, rely exclusively on EPS production. Bacterial motility that does not depend on flagella or pili is referred to as gliding. In filamentous cyanobacteria, such as Nostoc punctiforme, Phormidium spp., Anabaena spp., or Oscillatoria spp., gliding motile multicellular filaments move together over surfaces in a direction parallel to their long axis and orient with respect to light intensity, quality, and/or direction by phototaxis (35) . Secretion of slime was suggested to power the motility via a mechanism likened to "jet propulsion," in which the extruded slime expands as it hydrates, providing enough force to propel the filament forward (36) . In N. punctiforme, rings of electron-dense pores located between cells were identified as structures that potentially secrete the slime (36) . A putative EPS secretion machinery (called Hsp) that localized as ring-like structures at the junctions between cells in the hormogonia (motile forms) of the filamentous cyanobacterium N. punctiforme was recently characterized (37) . A chemotaxis system named Hmp controls the secretion of EPS by regulating the transcription of hsp genes (38) , linking chemotaxis control of gliding to EPS secretion in these organisms. Gliding motility occurs by an entirely distinct mechanism in M. xanthus. In this organism, cells moving as individuals display a form of gliding called adventurous motility (or A-motility). Gliding depends on distributed motors localized within the cell envelope that move in helical tracks and push on the surface upon contact to generate thrust to move the cell forward. The gliding motors use proton motive force, but the nature of the helical tracks on which these motors move is not known; however, evidence suggests that they may include cytoskeleton proteins, such as MreB (39) (40) (41) . To switch the direction of movement of the cell, the gliding motors must move in the opposite direction. A switch in cell polarity brings about changes in the direction of movement so that the lagging cell pole becomes the leading pole for movement (28) . The Frz chemotaxis pathway controls the switch in cell polarity and thus coordinates both twitching and gliding motility in M. xanthus (21, 28, 42) .
CHEMOTAXIS CONTROL OF SURFACE APPROACH AND TRANSIENT CELL AGGREGATION
The role of motility in mediating the attachment of bacteria to surfaces has been best described for flagellated bacteria and is discussed below. Attachment of motile bacteria to surfaces to form biofilms or to other cells to form flocs can be described as a twostep process. The first step is reversible; i.e., cells remain motile and may leave the surface after a variable period of time. The second step involves more specific interactions and is characterized by a permanent loss of motility and the production of additional extracellular structures that anchor the cells to the surfaces. The first reversible step depends on physicochemical interactions between the bacteria and the surface and is strongly influenced by both hydrodynamic effects and Brownian motion (43) . Motile bacteria can move toward surfaces and, when sufficiently close, may experience the hydrodynamic effects of the surface and become entrapped, spending longer times swimming close to the surface (44) . Prolonged residence near a surface enhances the probability of weak adhesion by means of van der Waals, electrostatic, and hydrophobic interactions (5, 43) . Hydrodynamic trapping of swimming bacteria may thus promote transient cell-surface contacts. It is likely that many of the hydrodynamic effects and Brownian diffusion that can take place between motile cells and abiotic surfaces will be relevant to the interactions between two cells that closely approach one another. A recent model predicts that for bacteria swimming in a very confined space, the activity of bacterial flagella alone can alter the hydrodynamic conditions to such an extent that it might trigger aggregation under these conditions (45) . Chemotaxis signaling can thus modulate reversible cell-cell contacts by promoting the initiation of these interactions (8, (46) (47) (48) , which can be maintained through hydrodynamics and the Brownian effect. Chemotaxis can also facilitate the disruption of cell-cell contacts, since active motility, especially changes in the direction of the rotation of flagella, can license the cells to leave the surface. The initial weak adhesions might lead to irreversible attachment via mechanisms that likely involve sensing of surfaces (4), such as hindrance of flagellar rotation acting as a mechanosensing signal for the cell to deploy EPS and adhesins for permanent attachment. Increased cell density in cell aggregates might also trigger attachment via quorum sensing. Chemotaxis toward the AI-2 quorum-sensing molecule that is mediated by a chemotaxis receptor in Escherichia coli might be relevant (49) .
Transient cell aggregations prior to permanent attachment also occur in cells moving across surfaces by TFP or gliding (23, 28, 50) . Interestingly, the aggregates described on surfaces also form in liquid media, with a similar requirement for motility (50) (51) (52) (53) . This observation indicates that properties associated with the motility machinery play a direct role in the establishment of cellcell contacts. Chemotaxis directing twitching and gliding might thus direct motility to concentrate groups of bacteria and orient them via regulating TFP activity and EPS production. The growing cell density might increase the number of contacts that TFP (twitching), EPS (twitching and gliding), and adhesion complexes (gliding) can make with other cells and with surfaces. During twitching, it is the coordinated retraction of multiple TFP that allows movement (23) . Increased cell density might thus alter the frequency at which TFP bind and retract, progressively causing a reduction in cell motility and thus trapping groups of cells within aggregates. In addition, twitching bacteria and gliding cells often secrete slimes that can modify the surfaces on which cells move and thus further alter motility. Slime secretion might further alter the patterns and frequency of TFP binding-retraction and cause a progressive loss of motility.
The hallmark of chemotaxis is the reversible control of motility patterns. Given the interplay between motility and fluid hydrodynamics near surfaces and the role of chemotaxis in altering motility patterns, chemotaxis might ultimately modulate how cells approach surfaces or other cells, making cell-cell or cell-surface contacts more or less likely. A role for chemotaxis in controlling these transient behaviors might also be advantageous, as reversibly attached cells remain motile and free to move away in response to specific environmental cues (Fig. 1) . The alternative would be transition to permanent attachment accompanied by a loss of motility.
CHEMOTAXIS CONTROL OF FLAGELLAR MOTILITY AND CLUMPING IN AZOSPIRILLUM BRASILENSE
A. brasilense is a motile soil bacterium able to colonize the roots of cereals. This bacterium swims using a single polar flagellum, the activity of which is controlled by chemotaxis (54) . A. brasilense is microaerophilic, and elevated oxygen concentrations are detrimental to its metabolism (8, 55) . Under conditions of elevated aeration, motile A. brasilense cells clump in transient cell-cell contacts between motile cells (56) . The production of clumps is thought to temporarily protect the cells from elevated oxygen by reducing the surface-to-volume ratio of the cells to limit diffusion (8) . Clumping in A. brasilense is controlled by chemotaxis signaling (56) . Mutations in genes that encode proteins of the chemotaxis signaling pathway, named Che1, caused a defect in chemotaxis and in clumping and flocculation. During chemotaxis, A. brasilense transiently increases swimming speed, and Che1 signaling controls this behavior (56) . Experimental evidence and modeling indicate that the role of Che1 in controlling transient increases in swimming speed alone recapitulates the observed effects on clumping (56, 57) . Clumping initially involves two or three motile cells, which remain in contact for about 1 s before swimming apart (Fig. 2) . If conditions of aeration stress persist, the clumps of motile cells become more cohesive (up to 8 to 10 cells remaining within the clumps for Ͼ2 s) and progressively include more nonmotile cells (Fig. 2) . Clumping between motile cells is also required for flocculation in A. brasilense (56) . Clumping represents an intermediate step that precedes an irreversible attachment of cells and loss of motility in flocculation, which occurs if elevated aeration persists (8) . While the production of EPS is likely involved in stabilizing the clumps (56, 58), the exact mechanism by which the cells adhere to one another at their nonflagellated pole is not known. One possibility is that adhesins, which are present in the polar region of the cells or secreted at this location, stabilize the cell-cell contacts in clumps, akin to a similar adhesion described in closely related alphaproteobacteria (59) (60) (61) . Flocculation is widespread in many motile bacteria capable of chemotaxis, and chemotaxis defects have been linked to increased cell aggregation in many bacterial species (62) (63) (64) . It is thus likely that chemotaxis-dependent clumping occurs in other bacterial species. 
Motility controlled by chemotaxis

Non-motile cells, irreversibly attached, in biofilms
CHEMOTAXIS CONTROL OF TWITCHING, GLIDING, AND AGGREGATION IN M. XANTHUS
M. xanthus is a predatory bacterium in soil that is able to undergo various forms of development (28) . When food sources become scarce, for example, following the consumption of prey, M. xanthus cells converge into large aggregates that will eventually produce fruiting bodies. Motile cells initially aggregate into large and unstable mounds. These mounds assemble and disassemble several times before some of the cells at the center of large aggregates become trapped and progressively lose motility before eventually forming fruiting bodies, probably owing to additional exchanges of signals (28) . The mounds are thus initially transient cell aggregates between motile cells (Fig. 3) . Both twitching and gliding motility are required for M. xanthus to bring cells together in large aggregates during development into fruiting bodies (28) . The Frz pathway, which coordinates twitching and gliding, is required for the initiation of aggregation between motile cells (28) . Mutations that impair Frz function cause defects in both twitching and gliding motility and affect development, because cells fail to aggregate into mounds, instead forming "frizzy" filaments that do not develop further. Experimental evidence and mathematical modeling suggest that reduced cell velocity and parallel alignment of cells are required for the formation of aggregates (7). Reduction in velocity might result from a change in the activity of the motility engines via Frz signaling, but evidence also suggests that Frz alters the alignment of cells relative to one another during initial aggregation. First, the FrzCD receptor, thought to provide sensory input to the Frz system, forms protein clusters that align when moving cells are brought in contact, and this event activates Frz signaling (65) . Second, FrzCD methylation levels correlate with the extent of aggregation (66) . Last, the alignment of adjacent cells is abolished by a mutation within the central regulator of the Frz signaling pathway. Therefore, Frz signaling is required for transient aggregation in M. xanthus by controlling changes in motility to bring cells together and by orienting them in aggregates.
CHEMOTAXIS CONTROL OF TWITCHING AND AGGREGATION IN CYANOBACTERIA
Many photosynthetic cyanobacteria form mats in various environments, and the maintenance of these multicellular communi- ties depends on motility and the ability to move in response to light direction or quality (intensity and wavelength) by phototaxis. Phototaxis is the oriented movement of motile cells in gradients of light. Studies of diverse organisms have shown that light signals are processed by dedicated receptors and are integrated with chemical signal inputs by chemotaxis signal transduction pathways to ultimately alter motility patterns (22, 67, 68) . Mats are heterogeneous environments and comprise both motile cells and permanently attached nonmotile cells in biofilms. Within the mats, motile cells are able to move vertically or laterally to adjust their position with respect to light to ensure maximum photosynthesis (53) . Not only is motility essential for the formation of colonial aggregates, but it also contributes to the structure of the mats (50). In both unicellular and filamentous cyanobacteria, the motility of the aggregates depends on chemotaxis signaling pathways to bring the cells together and, ultimately, to enable phototaxis (Fig. 4) . Despite their dissimilar motility apparatuses, unicellular and filamentous cyanobacteria employ functionally similar strategies of cell aggregation to respond to light gradients. Phototaxis in Synechocystis depends on Tax signaling (22, 32) and relies on TFP and the production of EPS. Twitching Synechocystis cells leave a track of slime as they move, and the presence of the slime alone can stimulate motility (69, 70) . In Synechocystis, aggregates of motile cells are observed as finger-like projections on the surfaces of agar plates (Fig. 4) . Microscopically, these aggregates correspond to groups of motile cells that move at a greater speed than that of smaller aggregates or single cells (31, 33) . Aggregate sizes are initially variable, suggesting that initial cell-cell contacts are transient and dynamic, with some aggregates becoming sufficiently large to form finger-like projections (31, 70) . The role of chemotaxis in regulating aggregation is illustrated by the observation that mutations in tax genes cause a null phototaxis phenotype due to a lack of aggregation and failure to form fingerlike projections (22) . The dependence of motility speed on the number of cells in aggregates provides additional support linking TFP function and slime/EPS production, because an increase in local slime concentration produced by a group of cells may be required to ensure movement. It has been proposed that such slime production, possibly EPS, might be a prerequisite to movement to overcome frictional drag (69, 70) .
Like unicellular cyanobacteria, filamentous cyanobacteria, such as N. punctiforme, Phormidium spp., Anabaena spp., or Oscillatoria spp., move as aggregates during phototaxis, and motility is required for initial aggregation (35) . The aggregates comprise motile cells that move in gradients of light as units but move back and forth in a random manner under diffuse light. These aggregates can thus assemble or disassemble depending on the presence of a light gradient, highlighting their transient nature and linking this behavior to chemotaxis signaling. A dispersed suspension of motile gliding cells (trichomes) of the filamentous Oscillatoria terebriformis forms clumps within a few seconds by cell-cell interactions, and the rate of clumping is directly proportional to the rate of gliding motility (71) . Cell aggregation in this species is thus intimately connected to motility, suggesting that the gliding motility apparatus itself or its function promotes cell adhesion. Hormogonium filaments of N. punctiforme also clump together immediately upon differentiation into motile forms. Hormogonia glide as individuals or groups of cells but are capable of phototaxis only as masses of cells that form ripple patterns on agar surfaces (38) . Mutations in the Hmp chemotaxis system controlling EPS secretion for jet propulsion motility abolish gliding, and thus phototaxis, in hormogonia (38) . In N. punctiforme, EPS secretion might thus function both to power cell motility and to ensure cell-cell interactions and cohesion during phototaxis (38) .
RECEPTORS AND CUES FOR CHEMOTAXIS-DEPENDENT CELL AGGREGATION
A straightforward consequence of the control of transient aggregation by a chemotaxis signaling system is that dedicated chemotaxis receptors are expected to provide sensory input that ultimately regulates these behaviors. Consistent with this hypothesis, chemotaxis receptors modulating aggregation have been identified in Synechocystis (72) , N. punctiforme (73) , M. xanthus (74) , and A. brasilense (75, 76) .
The cues detected by these receptors correspond to physicochemical conditions related to energy metabolism, such as redox status (receptors from A. brasilense) and light (receptors from Synechocystis and N. punctiforme). This is consistent with the aggregation of motile cells occurring when cells experience a change in energy metabolism. For example, starvation induces aggregation in M. xanthus (28) . Red light stimulates photosynthesis, phototaxis, and aggregation in Synechocystis (32) . Elevated oxygen concentrations reduce metabolism and trigger clumping in A. brasilense (8) . A recent study using a fluorescent marker for respiration and flow cytometry to track short-time-scale bacterial adhesion events showed that E. coli experiences a decrease in respiration immediately upon single cell-cell or cell-surface contacts (77) . Changes in metabolism may thus accompany cell adhesion to any surface, with chemotaxis signal transduction, via dedicated receptors, providing an early behavioral indication of deteriorating environmental conditions.
CONCLUSIONS
The formation of cell aggregates by motile cells as a result of chemotaxis signaling is a transient behavior in which the cells are not
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FIG 4
Phototaxis and aggregation in twitching Synechocystis cells. Left, communities of Synechocystis cells exhibit phototaxis, i.e., they move directionally toward white light (incident from the top). This image was taken 2 days after a drop of cells was placed on a low-concentration (0.4%) agarose plate. The original drop can be seen, as well as the finger-like projections of cells moving toward the light. Right, image of single cells within these finger-like projections moving toward white light (incident from the top), taken at ϫ20 magnification under the microscope. Time-lapse video microscopy of the cell populations can be used to track the motility behavior of cells (33, 70) . Courtesy of Rosanna Chau and Devaki Bhaya, reproduced with permission. yet committed to permanent adhesion. This behavior is likely advantageous to the cells since, depending on environmental conditions, the cell-cell contacts between motile cells may transition into permanent adhesion, or cells may return to moving in gradients. Transient cell-cell contacts in aggregates might facilitate short-distance signaling and function as behavioral checkpoints between reversible and irreversible attachment. Close cell-cell contacts in aggregates might also allow the signal exchange of otherwise poorly diffusible molecules or molecules embedded within the cell envelope. Aggregation between motile cells often occurs when cells experience a change in metabolism. Such conditions might represent a major cue processed by chemotaxis signal transduction into changes in motility patterns that lead to aggregation. This is also consistent with the link between flocculation and biofilm formation and nutrient limitations. These behaviors thus provide an insightful and tractable model to decipher how cells integrate metabolism with behavioral changes.
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